There are conflicting reports regarding the effects of hypoxemia on the cerebral metabolic rate for oxygen (CMR02). Accordingly, we examined the changes in CMR02 during normoxia, progressive hypoxia (Pa02 of 37,27. and 23 mm Hg), and normoxic recovery from hypoxia, Measurements were made in dogs anesthetized with nitrous oxide (60-70%) and halothane «0.1%) in oxygen. Arterial-cerebral venous blood oxygen content differences and ce rebral blood flow (CBF) were measured simultaneously. the latter by a tech nique (collection of sagittal sinus outflow) previously validated for conditions of near-maximal CBF. The duration of each of the three hypoxic exposures was approximately 10 min. CMR02 was significantly decreased (14%) only when the arterial blood oxygen tension was reduced to 23 mm Hg. CBF in creased progressively to a maximum of 153% of control. Posthypoxemic brain biopsy values for cerebral metabolites obtained 40 min after normoxemia had been restored were normal. These results. in conjunction with an unchanged CMR02 at 40 min normoxic recovery, suggest that no gross irreversible brain cell damage occurred, We conclude that with progressive hypoxemia. CMR02 remains stable until oxygen demand exceeds oxygen delivery, resulting there after in a progressive reduction in CMR02• Key Words: Cerebral metabolism-Cerebral blood flow-Hypoxia.
. Recently, however, Fein et aI. (1977) reported a significant decrease in cerebral oxidative metabolism in cats, as indicated by de creased oxygen extraction slopes at Pao2 20-50 mm Hg, while Berntman et aI. (1979) reported in two rat species large increases in CMR02 of either 20-30 or 180% at a Pao2 of 26-28 mm Hg. Traystman et aI. (1978) also reported that a reduction in arterial O2 content to 14 vol % (Pao2 = 36 mm Hg) in dogs caused a 30-40% increase in CMR02. In most of these studies, CMR02 was derived indirectly from independent measurements of CBF and arterial cerebral venous blood O2 content differences [C(a V)02J. Because hypoxia results in striking increases in CBF and hence sharply reduced oxygen extrac tion (per unit volume of blood), the potential for error in the measurement of either CBF or C(a-v)02 is magnified. In addition, hypoxia impairs the rhythmical cycle of brain tissue P02 normally ob served within the range of cerebral autoregulation (Halsey and McFarland, 1974) and produces exag gerated oscillations in brain tissue P02 and presum ably also in CBF (Metzger et aI. , 1971) . Thus, even using a technique which accurately determines CBF at increased flow rates, the possibility exists for error in determining a value for CBF that is repre sentative at the moment of C(a-v)02 sampling. Fi nally, CMR02 during near-critical levels of hypoxia may be quite sensitive to small differences in the duration of the insult. This time varied in the previ ously cited reports from 4 to nearly 30 min.
Accordingly, the present study was designed to reexamine CMR02 during both hypoxia and nor moxic recovery from hypoxia in a canine model using repetitive measurements of C(a-v)02 along with a CBF measurement technique recently vali dated in this laboratory for conditions of near maximal CBF (produced by extreme hypercarbia) (Artru and Michenfelder, 1980) . In addition, a sec ond CBF measurement technique was employed, a modification which allowed determination of CBF at the same moment as C(a-v)02 sampling, and the duration of each hypoxic exposure was carefully controlled.
METHODS
Subjects were 6 unmedicated fasting mongrel dogs weighing 14-21 kg. Anesthesia was induced with halothane 1% and nitrous oxide 60-70% in oxygen. An intravenous infusion of succinyl choline, 30 mg, as a bolus, followed by 100 mg/h facilitated endotracheal intubation and maintained muscle relaxation. Ventilation was controlled with a Harvard pump and adjusted along with inspired oxygen concentration to maintain initial blood gases (IL electrodes, 37°C) at a Pao2 of 158 ± 8 mm Hg (mean ± SEM) and a P aC02 of 40 ± 1 mm Hg.
With the animal in the lateral position, the left femoral vein was cannulated for fluid and drug ad ministration. The left femoral artery was cannulated for arterial blood sampling for blood gas analyses, buffer base (BB+) determinations, and continuous monitoring of both systemic and mean arterial blood pressure (MAB) and heart rate. With the animal in the prone position, the sagittal sinus was exposed and, following systemic intravenous infusion of heparin, 6000 units, cannulated as previously de- No. 3. 1981 scribed for cerebral venous blood sampling and CBF measurement (Michenfelder et aI. , 1968) . CBF from the sagittal sinus was determined by two tech niques: intermittent timed collection for 30-60 s (with the reservoir at the level of the sinus) and con tinuously by electromagnetic flowmeter measure ment. The timed collection technique was previously demonstrated to allow accurate measurement of CBF during a near-maximal CBF state induced by extreme hypercarbia (Artru and Michenfelder, 1980) . For flowmeter measurement, the outflow from the sagittal sinus cannula was directed through the sensing head (EP 300 API) of a square-wave electromagnetic flowmeter (Carolina Medical Electronics, P. O. Box 307, King, North Carolina, 27021) via polythylene tubing (PE 280) and the CBF values recorded continuously on a Heath servo-recorder. Since this technique measured CBF continuously, CBF values were obtainable at the precise moment of sampling for sagittal sinus blood oxygen content. This is not possible when using timed collection of flow, which averages CBF over a 30-to 60-s period. Brain temperature was monitored by a parietal epidural thermistor probe and maintained near 37°C by heat lamps or ice packs. The electroencephalogram (EEG) was monitored via bifrontal electrodes.
After completing the surgical preparation, the ex pired concentration of halothane was decreased to less than 0. 1%, and after stable measurements of cerebral and systemic variables were obtained (at least 25 min later), the animals were subjected to each of six conditions in sequence: normoxia (con trol), Pao2 37 ± 1 mm Hg, Pao2 27 ± 1 mm Hg, Pao2 23 ± 0 mm Hg, normoxia with acidosis uncorrected, and normoxia with acidosis corrected. At each normoxic condition, cerebral and systemic vari ables were determined after 20 min at near-stable conditions. At each hypoxic condition, variables were determined immediately upon achieving the desired level of hypoxia (after approximately 7 min). Desired P a02 levels were achieved by empty ing the existing gases from the reservoir of the ven tilator circuit and abruptly substituting for oxygen an appropriate nitrogen flow in the inspired gas mixture. At each normoxic and hypoxic condition, concentrations of lactate and pyruvate in arterial blood were measured by standard enzymatic tech niques. Plasma epinephrine and norepinephrine levels were determined during the control period and at P a02 23 mm Hg by the trihydroxyindole method. The metabolic acidosis that invariably per-sisted when normoxia was reinstituted was cor rected after 20 min of normoxic recovery by intra venous infusion of appropriate amounts of sodium bicarbonate.
At each condition 3 to 6 C(a-v)02 measurements were made, along with 3 to 6 CBP determinations by each of the two techniques. CMR02 values de rived from the C(a-v)02 measurements and the re spective CBP measurement (either by timed collec tion or flowmeter) were averaged to provide the mean CMR02 values for each animal at each nor moxic and hypoxic condition. Arterial and cerebral venous (sagittal sinus) blood oxygen contents were determined for each sample from measurements of oxygen tension (IL electrodes, 37°C), oxygen sat uration and hemoglobin (Hb) (IL 282 CO-oximeter) using 1. 39 mUg as the oxygen-carrying capacity of Hb (Theye, 1970) . Depletion of vascular volume was minimized by replacing sampled blood with 0.9% saline, and additional heparin was adminis tered as needed.
At the conclusion of the study, about 40 min after normoxia had been reinstituted, the dura overlying the cerebral hemispheres was excised in each animal. Brain biopsies were taken in each animal by a suction technique that deposits a sample (200-400 mg) into liquid nitrogen within 1 s (Kramer et aI. , 1968) . Each biopsy sample was stored at -76°C and then prepared for analysis in a refrigerated chamber (-25°C) as described by Polbergrova et al. (1972) . Tissue extracts were analyzed by enzymatic fluorometric techniques for phosphocreatine (PCr), ATP, ADP, AMP, glucose, lactate, and pyruvate (Lowry et aI. , 1964) . Prom the above values the sum of adenine nucleotides ( 2; Ad = [ATP] + [ADP] + [AMP]) and the lactate/pyruvate (LIP) ratio were determined. The energy state of the tissues was ex pressed as the energy charge (EC) of the adenine nucleotide pool (EC = [ATP] + 0. 5 [ADP]/ 2; AD) (Atkinson, 1968) .
The analytic error in determining C(a-v)02 was assessed by computing the coefficient of variation of each group of C(a-v)02 measurements. Flowme ter measurement of CBP was compared to timed collection measurement of CBP via linear regres sion analysis and computation of the correlation coefficient. Cerebral and systemic variables were compared with respect to P aD2 levels by an analysis of variance. Where variance was confirmed, values at each level of hypoxia and during normoxic re covery were compared to control values using Stu dent's t-test for paired samples. Brain biopsy values from the present study were compared to brain biopsy values obtained from a control group of 7 normoxemic dogs using the same surgical prep aration as before and anesthetized with N20 in O2 (Steen et aI. , 1978) . Student's t-test for unpaired samples was used for these comparisons.
RESULTS
Changes in systemic variables during hypoxia in cluded a progressive metabolic acidosis as indicated by a decrease in pH and BB+ (Table 1) . Hb re mained unchanged, while MABP, heart rate, and PaCD2 tended to decrease. At the greatest degree of hypoxemia (PaD2 23 mm Hg), BB+ was significantly reduced and plasma norepinephrine and epineph rine, and arterial blood lactate and LIP were in creased. When normoxia was reinstituted and the metabolic acidosis corrected with bicarbonate infu sion, systemic values returned to near control levels with the exception that MABP and heart rate re mained decreased and LIP remained increased.
CBP increased significantly with hypoxia (by 31-53%), and values were similar when determined by either timed collection or flowmeter measure ment ( Table 2) . The time required for transition between hypoxic levels was 6. 7 ± 1. 1 min, and 3. 0 ± 0.2 min was required to determine cerebral and systemic variables at each hypoxic condition. The mean cumulative duration of hypoxemia was 29.2 ± 1. 8 min. During each stepwise change to a greater degree of hypoxemia, a transient overshoot in the increase of CBP was measured by the flowmeter. CMR02 values, which were similar using either of the two measurements of CBP, were unchanged at PaD2 37 and 27 mm Hg but decreased significantly at P aD2 23 mm Hg. EEG amplitude and frequency de creased progressively at P aD2 levels of 37 and 27 mm Hg, but at 23 mm Hg high-amplitude, slow frequency activity was observed. The line of regres sion for the two measurements of CBP, timed col lection (x) and flowmeter (y), fit the equation, y = 1.0(x) + 0.82 with a correlation coefficient of 0.99. The coefficient of variation for the groups of repeti tive C(a-v)02 measurements ranged from 0. 7 to 10.7.
During normoxic recovery from hypoxemia, the EEG pattern returned to near control, and CBP, though reduced, remained above 55 ± 5 ml 100 g-I min-I. CMR02 was significantly increased (by about 8%) at 20 min post-hypoxemia, prior to cor rection of the metabolic acidosis, but was not sig- nificantly different from control at 40 min post hypoxemia, after correction of the metabolic acidosis. Following 40 min of normoxic recovery, cerebral tissue lactate and glucose levels were in creased, while PCr, LAd, EC, and LIP levels were similar to those taken from the control group of normoxic dogs (Table 3) .
DISCUSSION
The relatively high control CBF values observed in this study are characteristic for the dog during N20 anesthesia, which, compared with other anesthetic regimens, is known to be associated with a relative hyperdynamic state. That catecholamine levels were normal during the control period as- sures that this cannot be attributed to a stress-type response. The increase in CBF we observed during hypoxemia was quantitatively similar to that previ ously reported in dog and man (35-95%) at similar levels of hypoxemia (Kety and Schmidt, 1948; Cohen et aI. , 1967; Shimojyo et aI. , 1968; Hamer et aI. , 1976) . It is unlikely that the CBF values we measured during hypoxemia were artifactually low, since flow rates were similar to those previously reported from this laboratory for dogs during ex treme hypercarbia [100 mm Hg] (Artru and Michen felder, 1980) , which is assumed to produce near maximal cerebral vasodilation. The accuracy of the timed-collection CBF method during normal and near-maximal cerebral vasodilation was validated in two earlier studies from this laboratory (Michenfel- " From a previous study (Steen et al.. 1978) . , Significant difference from control, p < 0.1. , 1968; Artru and Michenfelder, 1980) . The high degree of correlation between direct timed collection and flowmeter measurement suggests that the latter technique is also accurate during high-CBF states. The relatively small degree of variability in C(a-v)02 measurements suggests that the probable analytic error for this measurement was also small. Thus the measurements used to de termine CMR02 in this model appear valid for the conditions of this study. The finding that CMR02 was unchanged during hypoxemia to Pao2 37 and 27 mm Hg is similar to those of previous studies of hypoxemia of 4-25 min duration in dog and man wherein cerebral perfusion pressure (CPP) was adequate and Paco2 was main tained at control levels (Kety and Schmidt, 1948; Cohen et aI. , 1967; Shimojyo et aI. , 1968; Hamer et aI. , 1976) . Salford et ai. (1973) and Siesjo and Nilsson (1971) have reported that even a slight fall in CPP aggravates the metabolic disorders of the hypoxic brain. Michenfelder and Theye (1969) re ported that combining hypocapnia with anemic hypoxia significantly reduced CMR02 below the level observed in controls or with either maneuver alone. In the study of Fein et ai. (1977) in cats, P aC02 was maintained at 24-30 mm Hg and blood pressure during hypoxemia of < 10 min duration was not reported. These variables might explain the decreased rate of cerebral oxidative metabolism re ported in that study. In the present study, the fact that CMR02 decreased significantly at Pao2 23 mm Hg, despite adequate CPP (this assumes that CPP = MABP; sagittal sinus pressure was zero; ICP not measured) and normal Paco2 suggests that this level of hypoxemia represents a critical level in terms of the oxygen needs of the brain. This was reflected by a mean sagittal sinus blood P02 of 17 mm Hg, which is generally agreed to be below the critical O2 ten sion for draining venous blood (Michenfelder and Theye, 1969) . The contradictory results of Berntman et ai. (1979) , who reported a 20-30% increase in CMR02 in one strain of fed rats during hypoxemia (Pao2 26-28 mm Hg) and a 180% increase in CMR02 in a second strain, are perhaps explained by other fac tors. In their study, CMR02 was derived by a Kety-Schmidt technique using 133Xe to determine CBF and sagittal sinus sampling to determine C(a V)02' CBF was reported to increase 6-fold in one species and 4-to 5-fold in a second, while the corre sponding C(a-v)02 values were reduced to only 1. 0-1. 2 vol %. With such dramatically elevated CBF values the potential for flow artifact in the cal culation of CMR02 must be considered. The two species were also reported to differ as to whether or not prior adrenalectomy curtailed the metabolic re sponse to hypoxemia. These results suggest that major differences both within the rat species and between the rat and other species exist as regards the cerebral response to hypoxemia. That the dura tion of hypoxemia in the study by Berntman et ai. (1979) (25 -30 min) was similar to the mean cumula tive duration of hypoxemia in the present study (29.2 ± 1. 8 min) argues against the proposal that differences in the cerebral response may have re sulted from differences in the duration of hypoxemia.
The increase in CMR02 reported by Traystman et aI. (1978) in dogs at a Pao2 of 36 mm Hg is difficult to assess, since in that same study, using identical methods, a similar degree of hypoxemia produced with carbon monoxide (Cao2 = 14 vol%) was not associated with any increase in CMR02.
The increase in CMR02 we observed following reversal of hypoxemia differs from that reported following reversal of ischemia. Generally, with re versal of moderate ischemia, CMR02 is increased for about 4 min (during which time the EC is re stored) and then temporarily decreased before gradually returning toward control levels (Lang et 
